Drought and salinity are the two major environmental constraints that severely affect global agricultural productivity. Plant-specific HD-Zip transcription factors are involved in plant growth, development and stress responses. In the present study, we explored the functional characteristics and regulation of a novel HD-Zip (I) gene from chickpea, CaHDZ12, in response to water-deficit and salt-stress conditions. Transgenic tobacco lines over-expressing CaHDZ12 exhibited improved tolerance to osmotic stresses and increased sensitivity to abscisic acid (ABA). Physiological compatibility of transgenic lines was found to be more robust compared to the wild-type plants under drought and salinity stress. Additionally, expression of several stress-responsive genes was significantly induced in CaHDZ12 transgenic plants. On the other hand, silencing of CaHDZ12 in chickpea resulted in increased sensitivity to salt and drought stresses. Analysis of different promoter deletion mutants identified CaWRKY70 transcription factor as a transcriptional regulator of CaHDZ12 expression. In vivo and in vitro interaction studies detected an association between CaWRKY70 and CaHDZ12 promoter during stress responses. Epigenetic modifications underlying histone acetylation at the CaHDZ12 promoter region play a significant role in stressinduced activation of this gene. Collectively, our study describes a crucial and unique mechanistic link between two distinct transcription factors in regulating plant adaptive stress response.
Introduction
As sessile organisms, plants are continuously threatened by several biotic and abiotic stress factors. Abiotic stresses, such as salinity and drought, strongly inhibit plant growth and development and cause significant yield reductions in agronomically important crops (Shinozaki and Yamaguchi-Shinozaki 2007) . Plants have evolved highly sophisticated and intricate defense mechanisms, allowing them to adapt to such adverse environmental conditions. Upon challenge by a stressor, plants rapidly respond through complex genetic and biochemical networks primarily by transducing signals to stress-related transcription factors (TFs) (Zhu 2002) . Abscisic acid (ABA) accumulation and synthesis of osmoprotectants are additional notable events that help to improve the plant stress tolerance level (Marcolino-Gomes et al. 2013) .
Several stress-responsive TFs have been successfully exploited to engineer abiotic stress tolerance in plants (Hussain et al. 2011) . Among them, HD-Zip TFs compose an important plant-specific TF superfamily. Members of this superfamily have a DNA-binding homeodomain (HD) paired with an adjacent leucine zipper (LZ) motif, responsible for protein dimerization (Henriksson et al. 2005) . Investigation of the Arabidopsis genome has revealed the existence of more than 40 HD-Zip proteins, which have been further classified into four subfamilies (HD-Zip I-IV) based on their distinct DNA-binding specificity, physiological functions and the presence of additional domains (Henriksson et al. 2005; Ariel et al. 2007 ). Further studies confirmed that the members of the HD-Zip (I) subfamily are associated with the regulation of important physiological processes including plant growth, development, senescence, and responses to abiotic and biotic stresses (Harris et al. 2011; Hu et al. 2016) . For example, Arabidopsis AtHB5, 6, 7, and 12 are up-regulated under dehydration stress and exogenous ABA application, and they also act as growth regulators in response to drought (Harris et al. 2011) . Amongst them, two divergently evolved members AtHB7 and AtHB12, are found to mediate the fine tuning of various developmental processes during the response to dehydration (Re et al. 2014) . In rice, Oshox22 regulates drought and salt responses in ABA-dependent manner (Zhang et al. 2012a ). Furthermore, Hahb-4, a class I HD-Zip member of sunflower controls various aspects of plant development and responses to herbivory, wounding, methyl jasmonate, ethylene, and drought treatments (Dezar et al. 2005 , Manavella et al. 2006 , 2008 . Two homologous HD-Zip I genes, HaHB1 and AtHB13 from sunflower and Arabidopsis, respectively, follow a similar mechanism associated with drought, salt, and cold stress tolerance, without significant yield penalty (Cabello et al. 2012a, b) . These two proteins render plants' tolerant to multiple abiotic stresses by stabilizing the membrane-associated proteins. Additionally, Medicago HD-Zip I gene MtHB1 is predominantly expressed in primary and lateral root meristems as a response regulator during salinity stress (Ariel et al. 2010) . These findings collectively reflect the potential importance of HD-Zip I proteins in the context of plant growth and responses to adverse environmental changes. Despite their significant contribution to abiotic stress responses, in-depth characterization of this group of proteins is lacking in chickpea.
Chickpea, the third most important food legume worldwide, is mainly cultivated in semi-arid regions. Its productivity is severely undermined by abiotic stresses such as drought and high salinity, which greatly affect grain yield and quality (Roorkiwal et al. 2014) . Hence, identification and characterization of candidate genes involved in abiotic stress responses are prerequisites for a better understanding of the stress tolerance mechanism. The identification and functional characterization of HD-Zip genes with regard to abiotic stress responses in chickpea may help to elucidate the signaling mechanisms for legume plants in general.
Within the context of plant stress-signaling mechanisms, WRKY TFs are considered to be the largest and most important group of transcription regulators (74 members in Arabidopsis), controlling plant responses to biotic and abiotic stresses (Ulker and Somssich 2004 , Rushton et al. 2010 , Li 2014 . WRKY proteins regulate the expression of genes that are required for stress adaptation. These regulatory proteins often interact with the promoter regions of downstream targets in a stimulus-dependent manner (Rushton et al. 2010 , Chi et al. 2013 ). However, a thorough investigation is needed to understand the regulatory roles of WRKY proteins in modulating HD-Zip transcription under abiotic stress treatments.
In the current study, we have characterized a new member of the chickpea HD-Zip (I) family, CaHDZ12, by successfully introgressing it in a heterologous tobacco system. Tobacco plants over-expressing CaHDZ12 gene exhibited a more tolerant phenotype under abiotic stress conditions, which could be attributed to modification of diverse physiological processes. Enhanced tolerance of transgenic tobacco plants was further monitored by analyses of genes related to abiotic stress adaptation. On the other hand, silencing of CaHDZ12 in chickpea led to enhanced salt and drought sensitivity. Moreover, transcriptional activation of CaHDZ12 has been associated with hyperacetylation of histone 3 lysine 9 (H3K9) residues in the promoter region under abiotic stimuli. Furthermore, CaWRKY70 was found to directly target the W-boxes present at the CaHDZ12 promoter and repressed transcription under drought stress. The experimental evidence collectively demonstrates a role for CaHDZ12 in abiotic stress acclimatization and provides an in-depth look at its mechanism of regulation.
Results

Sequence analysis of CaHDZ12
CaHDZ12 (XP_004510630.1) was identified from Chickpea Transcriptome Database (CTDB) as described in the Methods section. The complete coding sequence (CDS) of CaHDZ12 consists of an 840-bp open reading frame (ORF) that encodes a polypeptide of 280 amino acid residues. The predicted molecular mass of this protein is approximately 31 kDa. Sequence analysis demonstrated that the polypeptide encompasses a sequence of highly conserved basic amino acid residues (109-122 aa) that acts as a nuclear localization signal (NLS). Phylogenetic clustering and multiple alignment indicate that CaHDZ12 protein shares high sequence identity (approximately 80%) with CcaHB12, GsHB12, GmHB12, AtHB7, VrHB12, GsHB7, and Medicago HB proteins (Fig. 1A) and it is highly conserved among other plant species (Fig. 1B) . The predicted structure of the homeodomain comprises three characteristic trans-membrane a-helices, forming a helix-loop-helix-turn-helix structure ( Fig. 1C-E ) that resembles the structure of other Homeo-box containing proteins (Gehring et al. 1994 ).
Abiotic stress responsiveness of CaHDZ12
To evaluate the expression profiles of CaHDZ12 in different tissues under various hormonal treatments and abiotic stresses, we performed qRT-PCR. A heat map ( Fig. 2A) showing the correlation among expression values from different treatments was generated using R. A comparison of the transcript accumulation under different stress stimuli indicated higher abundance of CaHDZ12 in response to ABA, salt, and drought treatments ( Fig. 2A, S1 , Table S1 ). CaHDZ12 expression was elevated in both root and shoot tissues, with more pronounced expression observed in the shoot. The expression patterns and amplitudes differed according to the type of stress. The expression levels in shoots peaked at 72 h in cases of ABA and NaCl and at 96 h of drought treatment, with corresponding increases of 20-, 21-, and 35-fold, respectively, compared to the non-stress condition (Table S1 ). This result indicates to the involvement of CaHDZ12 in abiotic stress response.
Subcellular localization of CaHDZ12
The presence of a highly conserved NLS in CaHDZ12 indicates that the nucleus is its probable destination. To verify the subcellular localization of this protein, we introduced CaHDZ12-YFP as a fusion protein in onion epidermal cells using a transient expression system. The localization of both constructs (35S:YFP and 35S:CaHDZ12-YFP) was examined by confocal microscopy after 48 h of transformation. Confocal imaging revealed that YFP alone showed a dispersed fluorescence signal throughout the cells (Fig. 2B) . In contrast, CaHDZ12-YFP fluoresced only in the nucleus of onion epidermal cells strongly supporting that CaHDZ12 is a nuclear-localized protein (Fig. 2C) .
Response of CaHDZ12 overexpressed lines to abiotic stresses
Three independent, single-copy, and homozygous ( Fig. S2) T 2 tobacco transgenic lines showing stable expression (Fig. 2E, F) were selected for downstream analyses. Germination of both wild-type (WT) and transgenic seeds was tested on MS (1/2) agar plates under control and salt-or drought-treated conditions. Both the WT and transgenic seeds exhibited uniform germination pattern in non-stress conditions, but the germination was inhibited in NaCl-and mannitol-treated medium. The effect was more prominent in WT seeds compared to the transgenics. Transgenic seeds germinated even on 500 mM NaCl or mannitol-supplemented medium, whereas almost none of the WT seeds germinated under identical situations (Fig. 3A, 4A ). While the germination rate of WT seeds dropped to approximately 20% as the treatment progressed, that of transgenic seeds decreased at approximately 50% with either of the stress stimuli (Fig. 3B, 4B ). This stress-induced inhibition of germination was also found to be synchronized and Zip motifs of CaHDZ12 protein with its known homologs using ClustalOmega software. The conserved amino acids belonging to Homeo-domain, including the putative NLS are shaded in black, six Leucine residues are indicated by arrow head. The species of origin of the HD-Zips are indicated by the abbreviation before the gene names: Ca, Cicer arietinum; At, Arabidopsis thaliana; Vr, Vigna radiata; St, Solanum tuberosum; Csa, Cucumis sativus; Vv, Vitis vinifera; Gs, Glycine soja; Gm, Glycine max; Vr, Vigna radiata ; Eg, Eucalyptus grandis; Sl, Solanum lycopersicum, Br, Brassica rapa; Si, Sesamum indicum; Bo, Brassica oleracea; Bv, Beta vulgaris; Sp, Solanum pennellii; Pe, Populus euphratica (C-E) Putative protein structure representation of CaHDZ12; (C) Ribbon representation of CaHDZ12 protein. Homeo-domain (HD) is marked in red, consisting of three alpha helices (a1, a2 and a3). with post-germination root growth events, in which primary root growth was significantly retarded in WT seeds under both NaCl and mannitol treatments (Fig. 3C, 4C) . Transgenic seedlings demonstrated normal root growth under control and stress conditions. NaCl-or mannitol-induced arrest of root elongation was more pronounced in WT seeds (>3-fold) than in transgenic seeds (Fig. 3D, 4D ). Relative water content was also measured to monitor the comparative stress tolerance of WT and transgenics. With increasing time, water content was found to gradually decrease in both types of plants, but the rate of decrease was significantly higher in WT plants (up to approximately 15-18%) (Fig. 3E, 4E) . Consequently, the transpiration rate was also remarkably reduced in transgenic plants (0.5-0.7%) during drought stress in comparison to WT plants (approximately 1-1.4%) (Fig. 4F) . Stress-induced loss of chlorophyll content was monitored by leaf disc assay. Transgenic leaf discs retained their chlorophyll content in both non-stress and stress conditions. In contrast, WT plants displayed a pale yellow appearance under both stresses due to the damage caused by the stresses (Fig. 3F, 4G ). The quantitative measurements of chlorophyll content provided further support for these phenotypic appearances. Transgenic lines retained approximately 75% of their chlorophyll content even in stress conditions, but the chlorophyll content of WT plants was decreased below 40% (Fig. 3G, 4H ). Photosynthetic potential was evaluated by measuring chlorophyll fluorescence (Fv/Fm) in both WT and transgenic lines for screening stress responses. No significant difference was observed for this parameter under control conditions. A small increase in the Fv/Fm ratio was observed in the transgenic lines compared to the WT plants during stress treatments (Fig. 3H, 4I ), which may be attributable to the relatively increased fresh weight for the OE lines in comparison to the WT in both types of stress situations (Fig. S3A, B) . For a proper assessment of stress tolerance, 6-week-old WT and transgenic plants were transferred to soil and subjected to salt irrigation or water restriction. After 2 weeks of treatments, WT plants were more withered and showed significant growth retardation with concomitant weak root architecture compared to OE lines (Fig .   Fig. 2 Functional characterization of CaHDZ12 gene (A) 21-days-old chickpea seedlings were subjected to treatment with 200 mM NaCl, 200 mM Mannitol, 50 mM ABA, 50 mM JA and 2 mM SA and total RNA was isolated from shoot and root tissues at respective time points given in the figure from all treatment sets. qRT-PCR was performed using SyBr green as a probe and from the real time C t values, relative expression level was calculated following normalization by reference control (GAPDH). Heat map was generated using R and the corresponding data indicating correlation between differential inductions of CaHDZ12 expression under various stimuli. All data represent means ± SEM of three biological replicates. Label; R = root, Sh = shoot, h = hour. (B & C) Transient expression of the YFP and CaHDZ12-YFP fusion protein, respectively, in onion epidermal cell. The resulting yellow fluorescence was visualized using confocal laser scanning microscopy, showing that 35S: YFP (control) was dispersed throughout the cell (B) and CaHDZ12-YFP was predominantly localized in the nucleus (C). Bar = 100 mm. 
S3C, D, E).
Even after 4 days of stress recovery, the average survival rate of WT plants was approximately 30-35%, whereas >75% transgenic lines were able to survive in identical conditions (Fig. S3F, G) .
CaHDZ12 mediates the reduced accumulation of ROS and subsequent cellular damage in transgenic plants
To evaluate the extent of cellular injury during stress conditions, the accumulation of two important ROS elements (H 2 O 2 and O À 2 ) was measured using di-aminobenzine (DAB) and nitroblue tetrazolium (NBT) staining, respectively, in stressexposed WT and OE plants. Water-treated (Mock) plants were used as controls. As shown in Fig. 5 , H 2 O 2 or O À 2 accumulation was rarely seen in WT or OE plants under normal conditions. After stress treatments, the leaves of the OE lines had accumulated minimal levels of H 2 O 2, and O À 2 , whereas deep brown (DAB) and dark blue (NBT) staining were detected in stress-challenged WT plants (Fig. 5A, B) . This result indicates that CaHDZ12 helps in decreasing the oxidative burst under stress conditions. Similar results were obtained for intracellular ROS generation using dichlorodihydrofluorescein diacetate (H 2 DCFDA), in which stress-challenged WT plants showed more pronounced ROS accumulation than their transgenic counterparts (Fig. 5C) . Furthermore, plant cell death was monitored by Evan's blue staining. The results were consistent with the previous two staining patterns, in which stress-induced OE lines had remarkably lesser cell death compared to WT plants (Fig. 5D ).
CaHDZ12 over-expression modulates the ROS machinery under stress conditions
To further elucidate the cellular and molecular mechanism underlying the reduced ROS generation in abiotic stresses, The statistical data represent the means ± SEM from three biological replicates. Significant differences between OE and WT plants were done by one way ANOVA using Duncan's multiple range test (DMRT); significance level indicates P < 0.01. the endogenous levels of different antioxidant enzymes like, glutathione peroxidase (GPX), catalase (CAT), ascorbate peroxidase (APX), superoxide dismutase (SOD), and glutathione reductase (GR) were measured. The activities of GPX, APX, CAT, SOD, and GR increased rapidly in stress-treated transgenic lines compared to the WT plants, which were essential for rapid scavenging of cell-damaging ROS molecules ( Fig. 6A-E) . Alterations in the ROS machinery induced by salinity and drought stresses were further confirmed by quantifying the accumulation of proline, soluble sugar, and malondialdehyde (MDA), along with electrolytic leakage. These results indicated that under stress conditions, transgenic lines exhibited significantly less accumulation of MDA ( Fig. 6F ) and ion leakage compared to WT plants (Fig. 6G, H) , confirming reduced damage and higher membrane integrity throughout the stress period. The preceding observations were also confirmed by a much higher proline accumulation ( Fig. 6I ) and soluble sugar content ( Fig. 6J ) in transgenic plants, which maintained the physiological homeostasis to counteract the stress.
Overexpression of CaHDZ12 activates the expression of stress-related genes
To explore the probable mechanistic pathway, which CaHDZ12 may directly or indirectly influence in the context of stress response, we investigated the expression patterns of stress-related marker genes under abiotic stress. Transcript accumulation of some stress-related genes from tobacco, including Osmotin, LEA5 (late embryogenesis abundant protein 5), NCED1 (9-cis-epoxycarotenoid dioxygenase 1), RD26 (Responsive to dehydration 26), DREB2A (Dehydration-responsive element binding protein 2) and P5CS (D1-Pyrroline-5-carboxylate synthetase), has been detected under normal conditions and after drought or salt treatments. For over-expressor lines, the expression levels of all genes were consistently and significantly higher under stressed conditions (Fig. 7B) . Under non-stressed condition, expression level of these genes was almost comparable with the WT plants. Additionally, expression of several genes encoding antioxidant enzymes (Catalase, SOD, POD) was also found to be CaHDZ12 modulates ABA response ABA is generally considered as a principal regulatory component of abiotic stress response. We assessed the influence of different concentrations of ABA on seed germination in WT and transgenic tobacco plants. With increasing concentrations of ABA, the percentage of seed germination in transgenic lines was significantly lower than in WT plants (Fig. S4A) . At a high concentration of ABA (50 mM), the germination percentage was 30-35% in WT plants, while that of transgenic seeds was severely reduced (<20%) under similar growth conditions (Fig. S4B) . In comparison to WT plants, over-expression of CaHDZ12 also resulted in reduced post-germination growth after exogenous ABA application (Fig. S4C, D) . For further evaluation of the effect of ABA on CaHDZ12-overexpressing plants, stomatal behavior of leaves excised from unstressed and stressed WT and transgenic plants was also studied. Under normal conditions, no significant dissimilarity in stomatal phenotype was noticed in either line. Nevertheless, stomatal closing was observed to be impaired in epidermal peels in WT leaves (25%) after ABA treatment. Peels from transgenic plants exhibited relatively enhanced closing of stomata (approximately 80%) because they were more sensitive to ABA than WT (Fig. S4E, F) . Reduced stomatal aperture (width/length ratio approximately 4-6 mm) in transgenic lines compared to that of WT (approximately 8 mm) also supported this phenomenon observed under ABA treatment (Fig. S4G) .
Silencing of CaHDZ12 compromises plants' tolerance to drought and salt stress in chickpea
To investigate the function of CaHDZ12 in homologous system, we over-expressed and silenced the CaHDZ12 gene in chickpea through the generation of independent transgenic events. Agrobacterium mediated transformation was performed to generate CaHDZ12-OE and CaHDZ12-silenced plants as described in the Methods section. Transcript level of CaHDZ12 in OE and silenced plants was confirmed by qRT-PCR analysis with or without salt and drought treatments (200 mM NaCl and 10 d water withdrawal, respectively). Under stress conditions, CaHDZ12 transcript accumulation in the silenced plants was significantly lower compared to that of control or CaHDZ12-OE plants (<2-3.5 times) (Fig. S5) . In the absence of stress, the growth was normal, and there was no phenotypic difference in either of the OE and silenced plants compared to WT plants. After salt (200 mM NaCl) and drought treatments (water withdrawn for 10 days), however, CaHDZ12-OE plants exhibited visibly less wilted phenotypes and most plants had green leaves compared to the WT; CaHDZ12-silenced plants displayed severe symptoms of wilting and damage (Fig. 8A, B) . Consistent with the phenotypes, histochemical staining with DAB and NBT revealed that the levels of H 2 O 2 and O 2 À were significantly lower in CaHDZ12-OE plants; whereas the extent of H 2 O 2 and O 2 À production in CaHDZ12-silenced plants was much higher relative to the control plants following stress treatments (Fig. 8C, D) . Concomitantly, activities of the three crucial anti-oxidant enzymes (CAT, APX, and SOD) were significantly elevated in the OE plants compared to WT when the plants experienced stresses. Conversely, the silenced plants marked a significant reduction in those enzyme activities ( Fig. 8E-G) .
In addition, expression of several homologs of the tobacco stress-related genes was also altered in OE or silenced chickpea plants. Majority of them (CaCatalase, CaSOD, CaAPX, CaP5CS, CaSnRK2 kinase, CaNCED1) showed a significant up-regulation in CaHDZ12-OE plants but down-regulation in CaHDZ12-silenced plants compared to WT plants; expression of CaPP2C was decreased in CaHDZ12-OE plants but induced in CaHDZ12-silenced plants under stress treatments (Fig. 9A, B) . However, the expression of CaDREB2A and CaKIN2 was not significantly altered between the three plant types, which indicate that CaHDZ12 preferably regulates stress and ABA-dependent signaling but not ABA independent one (Fig. 9B ). Hyperacetylation of Histone3 residues at pCaHDZ12 promotes induction of CaHDZ12 during abiotic stress
To understand how transcriptional regulation of CaHDZ12 correlates with the histone acetylation pattern in response to abiotic stresses; we examined the acetylation status of H3K9 and H3K27 residues. Salinity-and drought-induced acetylation of the H3K9 residue was found to be enriched in total soluble protein samples with increasing time (Fig. 10A, B) . More specifically, H3K9 modification was further evaluated at the CaHDZ12 promoter region (Fig. 10C) . Anti-H3K9Ac immunopull-down of chromatin samples followed by qRT-PCR analysis revealed a dynamic variation in acetylation patterns occurring in a different region of pCaHDZ12 during salt and drought stresses (Fig. 10D) . At a later time point, this stress-induced enrichment was gradually decreased up to 1.5-2-fold relative to input control. However, H3K27 acetylation was found to be comparatively weaker than that of H3K9 (Fig. S6) .
CaWRKY70 negatively modulates the promoter activity of CaHDZ12
To elucidate the regulation of promoter activity (Fig. 11A) under different abiotic stimuli, the pCaHDZ12-GUS transgenic lines were treated with ABA, NaCl, and mannitol. Prominent GUS expression was observed under all stress conditions, with the highest expression found with the ABA+mannitol treatment (Fig. 11B) . in silico scanning of the CaHDZ12 promoter (pCaHDZ12) identified the presence of several stress-responsive cis elements, such as MYB, NAC, W box, MADS box, bHLH core, and AP2/ERF binding sites (Fig. 11C) . Among them, an abundance of W-boxes in a 1-kb promoter region motivated us to look for the involvement of WRKY proteins in the transcriptional regulation of CaHDZ12. In this context, an analysis of three W-box-specific deletion mutants (Fig. 11C) at the promoter region of À 750 bp (pCaHDZ12-del1) and À450 bp (pCaHDZ12-del 2) conferred a notable amplification of GUS activity up to 12-to 17-fold with ABA, 10-to 15-fold with NaCl and 15-to 20-fold with mannitol (Fig. 11D) treatments. From above observation, it can be assumed that WRKY TFs might have acted as a repressor for pCaHDZ12 activity.
To unravel the possible contribution of WRKY TFs in CaHDZ12 regulation, we measured the expression level of WRKY genes in chickpea. Among them, CaWRKY70 expression was found to be higher at an early stage of salt, drought, or ABA treatments and lower at a later time point (Fig. S7) . Interestingly, this expression pattern was almost reversed to that of CaHDZ12. To investigate the role of CaWRKY70 in abiotic stress, the transcript levels of stress-related genes were measured in chickpea plants over-expressing CaWRKY70. Among them, expression of CaP5CS, CaLEA4, and CaABA1 was reduced, whereas that of CaDREB2A and CaKIN2 was Fig. 7 Expression analyses of stress-responsive genes in WT and CaHDZ12-OE tobacco lines using qRT-PCR. Relative expression of stress/ABAresponsive genes represented in mean fold change in transgenic tobacco plants under salinity (250 mM NaCl) and drought stress (water withheld for 7 days). Leaves of 4-weeks-old WT and three transgenic plants were used for RNA isolation and subsequent qRT-PCR analyses. Data was normalized using NtEF1 gene as an internal control. Expression of (A) ROS-scavenging genes and (B) other stress/ABA-responsive genes were monitored before and after stress treatments. The error bars represent the SEM± from three biological replicates; 'b' and 'c' indicates data significantly different from WT (Student's t-test, two-tailed p value < 0.001).
increased following salt (200 mm NaCl) and drought (10 days without water) treatments compared to the WT counterparts (Fig. S8A) . The growth of CaWRKY70-OE plants was also inhibited, and the leaves were severely wilted after stress treatments (Fig. S8B, C) .
But most importantly, the expression of CaHDZ12 was greatly reduced in CaWRKY70-overexpressing lines compared to WT plants (Fig. S8D, E) . To address whether WRKY70 exhibits any direct role in regulating CaHDZ12 promoter function, we implemented an in planta expression analysis using Agrobacteriummediated co-infiltration of reporter (pCaHDZ12/del1/del2::GUS) and effector (35S::WRKY70) constructs (Fig. 11E) . The intense GUS expression in treated and co-infiltrated tobacco leaves was significantly decreased after subsequent addition of effector under all treatments (Fig. 11F) . The preceding findings were confirmed by quantifying relative GUS activity (Fig. 11G) . In contrast, when the respective W-boxes were mutated in the pCaHDZ12, GUS expression intensified as a result of the de-repression effect of CaWRKY70 (Fig. 11H) .
This WRKY70-mediated transcriptional inhibition was further confirmed by in vivo and in vitro interaction between WRKY70 and pCaHDZ12. In vivo binding of WRKY70 to pCaHDZ12 was examined by immuno-pull-down assay. ChIP assay followed by PCR/qRT-PCR analysis showed that CaWRKY70 binds to pHDZ12, which contains four W-boxes. The differential binding affinity of WRKY70 to pHDZ12 was evaluated by scanning the individual W-boxes present in the promoter. Here, W-box 2 and 3 were scanned together because they are only 8 bp apart from each other (Fig. 10C) . Under both drought and salinity conditions, the interaction was gradually reduced after 24 h of stress (Fig. 12A, B) . W-box 1, 2, and 3 displayed prominent amplification, unlike W-box-4. Moreover, the interaction was significantly (p < 0.05) inhibited when the respective W-boxes were mutated, confirming the specificity of the binding (Fig. 12C, D) . This in vivo association was further validated by in vitro EMSA experiments. Consistent with the ChIP assay results, EMSA detected the binding of purified histagged WRKY70 specifically to the W-box 1, 2, and 3. Mutation of a single element in either of the W-boxes (underlined and marked with asterisks in Fig. 12E ) completely abolished the DNA-protein interaction (Fig. 12F-H) . Furthermore, the formation of all complexes was competed out well using 10 molar excess unlabeled probe, which signifies the specificity of the interaction between WRKY70 and pCaHDZ12 ( Fig. 12F-H ).
Discussion
In this study, we report that in chickpea, class I HD-Zip gene CaHDZ12 functions in abiotic stimulus-dependent manner. Under abiotic stress, the CaHDZ12 transcripts were predominantly accumulated in the shoot tissue of chickpea compared to the root; suggesting their role in systemic stress acclimatization process. Likewise, for HD-Zip I genes from other plants, including Arabidopsis, sunflower, medicago, and maize, the expression of CaHDZ12 is specifically induced in the shoot tissue by NaCl, mannitol, and ABA treatments ( Fig. 2A) (Olsson et al. 2004 , Dezar et al. 2005 , Ariel et al. 2010 , Cabello et al. 2012a , b, Zhao et al. 2014 .
Ectopic expression of CaHDZ12 in transgenic tobacco has enhanced the tolerance towards dehydration and salinity stresses. Germination, post-germination growth, survival rates, and cellular homeostasis of the transgenic lines were found to be much improved in the transgenics than WT plants. In addition, CaHDZ12 over-expressors showed high sensitivity to exogenous ABA application during germination, seedling growth, and stomatal closure. A significant up-regulation of NCED1 transcripts in those lines was also indicative of enhanced ABA biosynthesis. Presumably, CaHDZ12 acts in concert with the ABA-dependent signaling pathway (Fig. S4) . Chlorophyll fluorescence is an important parameter for evaluating the photosynthetic activity of plants under environmental stress, which mainly affects photosystem II efficiency by diminishing the Fv/Fm ratio (Krause and Weis, 1991) . Our results have demonstrated a higher Fv/Fm ratio in the over-expressed lines, suggesting that CaHDZ12 over-accumulating plants possess robust photosynthetic capabilities under salt or drought stresses. Furthermore, a significant decline in the total MDA contents accompanied by a lower amount of relative electrolyte leakage has contributed significantly to enhance the cell membrane integrity in transgenics under stress treatments, similar to the previous reports in tobacco and Arabidopsis (Niu et al. 2012 , Su et al. 2014 , Li et al. 2015 .
As in case of biotic stress, abiotic stress tolerance in plants is often associated with induction of anti-oxidant defense machinery, including activation of ROS-scavenging enzymes (Mittler et al. 2011) . ROS as intracellular secondary messengers, primarily aid in promoting stress responses but become detrimental to plants at higher concentrations (Zheng et al. 2006 ). In such a scenario, multiple ROS-scavenging enzymes, such as catalase, peroxidases, and dismutases, maintain a substantial balance in endogenous ROS accumulation. Our transgenic tobacco and transformed chickpea plants experienced systematic up-regulation of ROS-scavenging machinery under salt and drought stresses. CaHDZ12 over-expression significantly bolstered the performance of these enzymes, thereby protecting those plants from cellular damage (Fig. 6, 8) . In contrast, CaHDZ12-silenced chickpea plants exhibited reduced enzyme activities. An increase in soluble proline concentration in transgenic tobacco plants is considered to be an essential adaptive response to osmotic stress, which helps in radical scavenging , Zhang et al. 2012b , protecting the macromolecules from denaturation (Polavarapu et al. 2014 , Rejeb et al. 2014 , providing a shield against photo inhibition , and reducing water loss ) under stress conditions. The present findings are in accordance with previous reports in which different transcription factors or genes showed significant salt and drought stress tolerance in Fig. 9 Analyses of expression levels of stress-responsive genes in transformed chickpea plants. Relative expressions of different stress-responsive genes in the WT and transformed plants (OE and silenced) during the drought (10 days without water) and salt stress (200 mM NaCl) responses were evaluated using qRT-PCR. Total RNA was isolated from shoot tissues of WT and transformed plants (both OE and silenced) and qRT-PCR was performed. Data was normalized using CaGAPDH gene as an internal control. Expression of (A) ROS-scavenging genes and (B) other stress/ ABA-responsive genes were monitored before and after stress treatments. The values represent the means ± SEM of three biological replicates. Significant difference of transformed plants compared with WT plants is done by one way ANOVA using Duncan's multiple range test (DMRT); significance level indicates P < 0.05. transgenic plants by modulating ROS homeostasis, membrane equilibrium or osmotic adjustments , Niu et al. 2012 , Liu et al. 2013 , Li et al. 2015 . These elevated levels of antioxidant enzymes have been found to be associated with concomitant increases in the transcript levels of NtCAT, NtPOD, NtSOD, and NtP5CS genes (Fig. 7) . Elevated sugar content in OE lines suggested that CaHDZ12 may also serve an additional role in stimulating sugar synthesis during stress treatments. All these modifications under stress conditions provided physiological endurance in transgenic plants. This interpretation was further confirmed when 15 days of periodic salt and drought treatments revealed a severe macroscopic wilt phenotype in WT plants compared to the transgenic plants. Furthermore, CaHDZ12-transformed plants had longer primary roots compared to WT plants. The compact and robust root structure of those lines facilitated more efficient water absorption and nutrient uptake from deeper soils under stress conditions compared to the WT (Fig. S3) . On the other hand, CaHDZ12-silenced chickpea plants become more susceptible to salt or drought stress as is evident from their wilted phenotype compared to the WT plants (Fig. 8) .
To reveal the underlying molecular mechanisms of enhanced salt and drought stress tolerance in the transgenic lines, the relative expression levels of several abiotic stress-responsive genes, such as NtOsmotin, NtLEA5, NtERD10b, and NtRD26 were monitored in tobacco. Our results demonstrated that the expression of such stress-responsive genes was significantly up-regulated in CaHDZ12-OE lines compared to WT plants (Fig. 7B) . These results are consistent with a previous study in which heterologous over-expression of Zmhdz10 in rice and Arabidopsis up-regulated the expression of the aforementioned genes during abiotic stresses . All these The mean values for each region were normalized to corresponding input values and reference control using anti-IgG antibody for immunoprecipitation. Data represent mean ±SEM from three biological replicates. The significance of the results were analyzed by one-way ANOVA using Duncan's multiple range test (DMRT) and the significant changes were marked by * (*< 0.05; **< 0.01; ***< 0.001).
findings are indicating that CaHDZ12 has conferred a better endurance to stresses by positively influencing multi-cue signaling cascades, crucial for stress adaptation.
In CaHDZ12-OE chickpea plants most of the stress induced homologs of tobacco were up-regulated; whereas silencing led to the reverse scenario. These findings helped us to identify the putative downstream targets of CaHDZ12, which may regulate either directly or indirectly. In Arabidopsis, PP2C and SNRK2 kinases are the direct targets of AtHB12 and AtHB7 (Valdes et al. 2012) . These two paralog genes of CaHDZ12 act as negative regulators of ABA signaling, as they bind and induce the expression of AtPP2C to down-regulate the SnRK2 kinases. However, a PP2C paralog in chickpea is down-regulated in CaHDZ12-OE plants and SnRK2 kinase expression is enhanced (Fig. 9B) . These findings suggest that HD-Zip TF mediated ABA response in plant is indeed dynamic in nature and more importantly, not essentially conserved among different plant species.
Stress-responsive gene expression was profoundly altered by histone acetylation that promotes unfolding of the chromatin underpinning gene transcription (Kim et al. 2010 , Kim et al. Quantitative measurement of GUS activity was determined by fluorimetric analyses in full promoter and its deletion variants under different stress conditions. Data represent mean ±SEM from three biological replicates. Significant differences in GUS activity between full-length CaHDZ12 promoter and its deletion variants were analysed by one way ANOVA using Duncan's multiple range test (DMRT); significance level indicates P < 0.01. (E) Schematic representation of effector and reporter constructs used for co transformation in tobacco leaves. (F and G) Monitoring the CaHDZ12 promoter activity in the absence and presence of CaWRKY70. A. tumefaciens LBA4404 strains harboring effector (35S:WRKY70) and reporter (pHDZ12/del1/del2:gus) cassettes were co-transformed into 1-month-old tobacco leaves. (F) Qualitative and (G) quantative measurements of GUS gene expression were executed after 48 h of transfection. Significant differences in relative GUS activity of the reporter constructs (G), with or without the effector (CaWRKY70) were analyzed by one way ANOVA using Duncan's multiple range test (DMRT) and significant changes were marked by * (*< 0.05; **< 0.01; ***< 0.001). Data represent mean ±SEM from three biological replicates. (H) Qualitative GUS expression in tobacco leaves expressing pCaHDZ12-GUS and its W-box mutated variants in presence of effector (35S:WRKY70). GUS gene expression was analysed after 48 h of cotransformation. 2015). To emphasize this point, two important modifications of histone3 lysine chains (i.e. H3K9Ac and H3K27Ac) were investigated. In the present study, a region-specific enrichment in H3K9 acetylation in the CaHDZ12 promoter was observed under drought and saline stress conditions. Upon stress treatment, histone acetylation likely marks the onset of a permissive chromatin conformation followed by the subsequent expression HDZ12 gene in chickpea. Although, the H3K9Ac protein expression reached its peak at 4 days of drought treatment, but the accumulated H3K9Ac on CaHDZ12 promoter at 1 day was found to be adequate for triggering the gene expression (Fig. 10) .
Similar to biotic stresses, WRKY proteins regulate plant responses to various abiotic stresses also (Chen et al. 2012 , Li 2014 . Prevalence of W-boxes in the CaHDZ12 promoter indicated the importance of chickpea WRKY TFs in the regulation of HDZ12 gene. W-box-specific deletion analysis of pCaHDZ12 revealed a gradual increment of stress-induced promoter activity. Furthermore, the expression pattern of different chickpea WRKY genes was evaluated using qRT-PCR analysis. WRKY33 and WRKY70 were found to be more coordinately regulated in response to dehydration, salinity, and ABA unlike the other WRKYs. Specifically, WRKY70 transcript accumulation was found to be inversely proportional to that of CaHDZ12. In general, WRKY70 appeared to modulate salicylic acid-mediated plant immune signaling. But it has recently emerged as a crucial transcription regulator of leaf senescence and osmotic stresses in Arabidopsis (Ulker et al. 2007 ). These observations led us to explore the role of WRKY70 in the regulation of Fig. 12 Monitoring the association of CaWRKY70 to the promoter of CaHDZ12. ChIP assay confirmed that CaWRKY70 interacts with the CaHDZ12 promoter in a time dependent manner under (A) drought and (B) salinity treatments. A. tumefaciens LBA4404 strains harboring effector (35S:WRKY70) and reporter (pHDZ12/del1/del2:gus) cassettes were co-transformed into 1-month-old tobacco leaves. After 48 h of transfection, tobacco DNAs from all treatment sets (given in the figure) were immunoprecipitated using anti-HA antibodies and PCRs were performed. Input: PCR product from the chromatin. (C & D) Mutation in W-boxes in CaHDZ12 promoter decreases the interaction. Immunoprecipitated chromatins were quantified by qPCR. Data were normalized using input (1%) value and reference control using antiIgG antibody for immunoprecipitation. Significant differences in fold increment (D) between full-length CaHDZ12 promoter and its mutant variants were analyzed by one way ANOVA using Duncan's multiple range test (DMRT) and significant changes were marked by * (*< 0.05; **< 0.01; ***<0.001). Data represent mean ±SEM from three biological replicates. (E) The oligonucleotide sequences used as probes in EMSA for CaWRKY70 binding. Underlined sequences indicate W-boxes for WRKY protein binding, asterisks indicate mutated nucleotides. (F-H) CaWRKY70 binds to the different W-boxes (W-boxes 1, 2 and 3) in the CaHDZ12 promoter region with high specificity.
CaHDZ12 promoter activity. CaWRKY70 over-expression enhanced salt or drought susceptibility with down-regulation of several abiotic stress-responsive genes in chickpea. Hence, CaWRKY70 might conceivably have a negative regulatory role in CaHDZ12-mediated abiotic stress tolerance (Fig. 8S) .
In Arabidopsis, PEG-induced expression level of some abiotic stress-related genes, including RAB18, KIN1, NCED3, and P5CS, were reduced in wrky70 mutants compared to col-0 ), but in our study, CaKIN2 and CaDREB2 expression were up-regulated in CaWRKY70-OE plants, which indicates differential mechanism of functioning of these two paralogs in chickpea and Arabidopsis.
More intriguingly, CaHDZ12 expression was dramatically reduced in CaWRKY70 transformed plants compared to WT. From the in planta expression analyses, we found that CaWRKY70 suppresses CaHDZ12 promoter activity (Fig. 11) . In vitro and in vivo DNA-protein interactions were used to establish the CaWRKY70 mediated attenuation of CaHDZ12 expression in chickpea. Moreover, this interaction was highly specific because the mutation of a single element in respective W-boxes completely disrupted the binding (Fig. 12) . Identical studies with CaWRKY33 and CaHDZ12 promoter could not detect such association (Fig. S9) . CaWRKY70 was abundantly expressed within 8 h of drought treatment followed by a lower abundance of CaHDZ12 transcript. CaWRKY70 expression has gradually started declining at later time points, and CaHDZ12 expression steadily increased thereafter. ChIP analysis also showed a gradual time-dependent reduction in binding of WRKY70 to pHDZ12. The present outcome thus envisages a novel interaction between WRKY proteins and HD-Zip TFs under abiotic stress. Moreover, CaWRKY70 attenuates CaHDZ12 transcription in chickpea under abiotic stress conditions.
Above findings highlight a cross-talk between CaHDZ12 and CaWRKY70 that forms a gene regulatory complex and helps in establishing a new link under abiotic stress signaling network of plants. However, it is worth mentioning that CaHDZ12 also may regulate other stress-responsive genes and be regulated by others as well. Hence, future studies are required to unravel other components associated with CaHDZ12 functioning to achieve an explicit silhouette in stress response network for designing superior stress management programs applicable in other leguminous crops.
To summarize, we have proposed a model showing the functional regulation of CaHDZ12 under abiotic stresses (Fig. 13) . ABA and Abiotic stimulus-dependent induction of CaHDZ12 positively influenced various physiological and biochemical parameters in plant, which led to sustained plant adaptation to adverse conditions. Moreover, increased sensitivity of CaHDZ12-silenced chickpea plants towards salinity or dehydration stresses suggested the indispensable role of this TF in reducing their susceptibility to above stresses.
Materials and Methods
Plant materials, growth conditions and treatments
Chickpea seeds were surface sterilized and transferred to soilrite and maintained under greenhouse conditions at 25 C with a 16 h light/8 h dark cycle (light intensity of 60 mmol m À2 s
À1
; relative humidity of approximately 70%).
Fig. 13
Model depicting the mechanistic regulation of CaHDZ12 expression in abiotic stress tolerance in chickpea. Abiotic stress induces histone acetylation at CaHDZ12 chromatin to promote de-condensation and subsequent gene transcription. CaHDZ12 functions in ABA-dependent signaling pathway and promotes osmolytes production, reduces intracellular ROS levels and induces SnRK2 kinase and other stress related gene expression which leads to abiotic stress tolerance in chickpea. CaWRKY70 inhibits the transcription of CaHDZ12 by binding to the W-box(es) in its promoter region.
21-day-old chickpea seedlings were subjected to different treatments. For signaling molecule treatments, leaves of above seedlings were sprayed with 50 mM ABA, 2 mM SA and 50 mM JA. For the salt and drought treatments, seedlings were incubated in solutions containing 200 mM NaCl, or 200 mM mannitol. Chickpea seedlings without any treatment were used as controls. The harvested samples were flash frozen in liquid nitrogen and stored at À80 C for RNA extraction. For GUS assays, 1 month old WT and transgenic tobacco plants were exposed to 50 mM ABA, 250 mM Mannitol or 250 mM NaCl. Histochemical and/or fluorimetric GUS analyses were performed after 12 h of treatments according to Jefferson et al. (1987) .
Identification of CaHDZ12 gene
ESTs of homeo-box containing genes of chickpea were searched from Chickpea Transcriptome DataBase (CTDB). Available sequences of chickpea homeodomain leucine zipper class I (Ca HD-Zip I) proteins were identified using NCBI BLASTP program (basic local alignment search tool for protein). Seven genes have been isolated and their expressions were evaluated under different stress treatments (Table S2) . Amongst them, chickpea HD-Zip12 gene was found to be strongly responsive towards various abiotic stress conditions. Hence it was chosen as our candidate gene. The gene was subsequently named as CaHDZ12 and NCBI accession no. for the reference sequence is XM_004510573.2. Complete open reading frame (ORF) of CaHDZ12 gene was amplified from drought induced c-DNA sample using gene specific primers HDZ12F and HDZ12R (Table S3 ).
Structural features, sequence comparison and phylogenetic analysis of CaHDZ12
The three-dimensional structure of CaHDZ12 was determined by the SWISS-MODEL server (http://swissmodel.expasy.org/). The structures were displayed and analyzed with PYMOL (www.pymol.org). Sequence analysis was executed between CaHDZ12 protein and other HD-Zip I homologs from various dicot and monocot species by ClustalOmega. A phylogenetic tree was constructed by MEGA software (v.6.06) (Tamura et al. 2007 ) using the aligned amino acid sequences of HD-Zip I proteins from different species and following the neighbour-joining method (Bootstrap value = 1000).
Sub-cellular localization of CaHDZ12 protein
The coding region of CaHDZ12 without the stop codon was fused to the Nterminal part of yellow fluorescent protein (YFP), to generate 35S:CaHDZ12-YFP fusion construct. The 35S:YFP gene construct served as a control. Both the recombinant constructs (YFP alone and CaHDZ12-YFP fusion) were mobilized into Agrobacterium tumefaciens strain LBA4404 and subsequently introduced into onion epidermal cells by agro-infiltration method. Yellow fluorescence was recorded in a confocal microscope (LSM-510 Meta, Carl Zeiss) with excitation and emission set at 514 nm and 527 nm, respectively.
RNA extraction and qRT-PCR analyses
Total RNA was extracted from chickpea or transgenic tobacco plants using RNA-Xpress reagent (HiMedia, India) in accordance with the manufacturer's instructions. First-strand cDNA was synthesized from 5 mg RNA using the Firststrand cDNA synthesis Kit (Invitrogen, USA). qRT-PCR was performed using a BioRad iCycler with SyBr green. The chickpea GAPDH and tobacco EF1 genes were selected as an internal control as they showed the uniform expression under all the treatments. The primers used for qRT-PCR are listed in Table S3 , S4 and S5. All experiments were conducted in triplicates. The expression levels (expressed as mean fold change) were calculated according to the 2 ÀddCT method (Livak and Schmittgen 2001) . The data presented as the mean ± SEM of three biological replicates for each sample.
Vector constructions and genetic transformation of tobacco
The full length ORF of CaHDZ12 was cloned into plant binary expression vector pBI121 within the BamHI and SacI site (underlined in primer sequences in Table S3 ), downstream of CaMV35S promoter (Fig. 2D) . A 1000 bp upstream region (putative promoter) of the CaHDZ12 gene (pCaHDZ12) was PCRamplified from total genomic DNA with primers (pHDZ12-FP and pHDZ12-RP) through genome walking method (Chakraborty et al. 2016) . Isolated fragment was confirmed by DNA sequencing and placed upstream of the GUS gene in the binary vector pPZPY1 (Fig. 11A ) using aforementioned primers containing HindIII and BamHI sites (underlined in respective primer sequences in Table  S3 ). To generate truncated promoters, different forward primers (pHDZ12F1 and pHDZ12F2) and the same reverse primer (RP) were used to amplify fragments of pCaHDZ12 (-750 bp and -450 bp) . Isolated fragments were fused upstream of GUS as mentioned above to generate the pCaHDZ12-del1 and pCaHDZ12-del2 constructs, respectively (Fig. 11C) . Site directed mutagenesis was employed to mutate the elements in respective W-boxes of pHDZ12 (pmW1/2/3/4-HDZ12::GUS). All the recombinant plasmids (both gene and promoters) were mobilized into Agrobacterium tumefaciens strain LBA4404 for tobacco transformation using the leaf disc method (Horsch et al. 1985) . Untransformed plants were used as controls.
Selection of CaHDZ12 over-expressing tobacco lines
The transformants were initially screened for kanamycin resistance (100 mg/l) and further verified by PCR analyses of selected T 1 and T 2 plants. To investigate the in vivo role of CaHDZ12 in plant abiotic stress tolerance, transgenic lines were first evaluated for their phenotypic appearances with respect to control (WT) where no visible morphological discrepancy or abnormality was identified in them. Three single-copy and homozygous T 2 transgenic plants showing stable expression were chosen for subsequent experiments (Fig. S2) .
Abiotic stress tolerance assay
For the germination, root growth, fresh weight and chlorophyll assays, seeds from the WT and transgenic tobacco were surfaced-sterilized and subsequently sown on 1/2 MS agar medium (supplemented or not with mannitol, NaCl and ABA). For the root length assay, seeds from the WT and transgenic tobacco were germinated on 1/2 MS agar medium for 7 days, following transfer to fresh medium (in the absence or presence of 200 mM mannitol, 200 mM NaCl and 50 mM ABA, respectively) for vertical growth for 12 days before root length was measured and photographed. An average of 50 seedlings from individual lines was taken to compare the fresh weight. For leaf disc assay, leaves were excised from 1-month-old WT and transgenic plants and incubated in NaCl (200 and 500 mM) or mannitol (200 and 500 mM) solution for 72 h. Chlorophyll content was essentially assessed as described by Wardhan et al. (2012) . To test salt and drought tolerance more properly at later developmental stages, 6-week-old plants were watered with 250 mM NaCl or kept without water for 2 weeks in a growth chamber. Re-watering was done for 4 days after stress treatments.
Detection of ROS and cell death by histochemical staining
Detached leaves from 1 month old, stress (200 mM NaCl or 7 days water withheld) induced WT and transgenic tobacco plants were incubated in Di-aminobenzine (DAB, 1 mg ml À1 ) or Nitroblue tetrazolium (NBT, 0.1 mg ml À1 ) solution overnight at room temperature in the dark to detect the accumulation of H 2 O 2 and O À 2 , respectively. Intracellular ROS accumulation was detected using 10 mM dichlorodihydrofluorescein diacetate (H 2 DCFDA) and visualized on a fluorescence microscope (Axio Scope inverted fluorescence microscope, Carl Zeiss) with excitation set at 488 nm and emission set at 530 nm. For Evan's blue staining, excised leaves were incubated in 0.1% Evan's blue solution for overnight. The stained leaves were soaked in 90% ethanol to remove the chlorophyll and subsequently photographed. All the experiments were performed before and after stress treatments mentioned in respective figures.
Analysis of transgenic tobacco plants using different physiological parameters
For physiological analyses, seeds from each type of tobacco plants were sown on 1/2 MS medium, grown for 10 days and transferred to soil. After growth for 21 days in soil, the plants were irrigated with NaCl (200 mM) or kept in water deficit condition for 7 days and subsequently harvested for analysis. Antioxidant enzyme activities were measured following the methods described by Li et al. (2010) . Proline content was measured according to Bates et al. (1973) . Electrolyte leakage rates were determined according to Cao et al. (2007) with slight modifications. Soluble sugar contents were measured using DNS (Dinitrosalicylic acid) method as described by Miller et al. (1959) . Content of MDA was estimated by the thiobarbituric acid (TBA) reaction method as described by Heath and Packer (1968) . For water content measurement, detached leaves were first weighed immediately (fresh weight, FW), kept on laboratory condition (humidity, 45-50%; 20-22 C) , and then weighed at the indicated time intervals (desiccated weights). The leaves were then oven-dried for 24 h at 80 C to a constant dry weight (DW). Water contents (WC) were measured according to the formula
Each sample contained at least 10 seedlings, and each experiment was performed with three biological replicates.
Generation of transgenic chickpea plants
For expression analyses in chickpea, we generated both OE and silenced plants with CaHDZ12 gene. Previously mentioned 35S:CaHDZ12 construct was used as sense construct [pBI-CaHDZ12(+)]. The CaHDZ12 gene sequence also inserted in the reverse orientation to generate antisense construct ]. Both constructs were introduced into Agrobacterium tumefaciens LBA4404 strain and used for independent transformations in chickpea. Chickpea transformation was carried out according to our previously optimised protocol (Chakraborty et al. 2016 ) with a modified infection procedure. Overnight grown Agrobacterium culture (OD 600 0.8-1) was pelleted at 6,000 rpm for 5 min and re-suspended in regeneration media (RM) containing 150 mM acetosyringone (AS, Sigma, USA) (Chakraborti et al. 2009 ). The bacterial suspension was pre-induced by shaking at 100 rpm for 1 hour. Two-days-old chickpea seedlings were incubated in that suspension and sonicated for 30-40 s in a bath sonicator (Takashi, Japan) for improving transformation efficiency (Trick and Finer 1997) with a further incubation of 30 min at room temperature. Following 48 hours of co-cultivation in RM (containing 150 mM AS), seedlings were washed with sterile distilled water and transferred to cefotaxime (300 mg l
À1
) and kanamycin (100 mg l À1 ) supplemented RM (Chakraborti et al. 2009 ). The subsequent proliferation, elongation and hardening were performed as described in our published protocol.
35S:CaWRKY70 construct was also introduced into chickpea by aforementioned method (Fig. S10) . After 2 weeks of hardening, transformed chickpea plants were used for subsequent expression and other analyses following stress treatments.
Stomatal aperture bioassay
The stomatal aperture measurement was performed as described by Lim and Lee (2014) . After incubation in SOS buffer solution (Stomata opening solution), epidermal peels were stained with Lugol's Iodine and observed under bright light in fluorescence microscope and its aperture was measured using ocular scale under microscope (Axioscope, Carl Zeiss). A total of 10 stomata were measured per sample. Each experiment was performed three times. The ratio of stomatal width to length (aperture) indicated the degree of stomatal closure. A representative image of single stomata from each transgenic line, before and after ABA application was documented in the Results section.
Characterization of CaWRKY70 and its interaction with CaHDZ12 promoter CaWRKY70 gene has been identified similarly as done in case of CaHDZ12 gene. Expression of CaWRKY70 was measured under ABA and abiotic stress treatments. The effector construct was generated by cloning the ORF of CaWRKY70 into pSPYCE GW cloning vector followed by in pCAMBIA2301 under the control of the 35S promoter. Full length CaHDZ12 promoter, its deleted versions (pCaHDZ12-del1:gus and pCaHDZ12-del2:gus) and mutant variants (pmW1/2/ 3/4-HDZ12) fused with gus gene served as reporter constructs. The Agrobacterium LBA4404 vector harbouring the 35S::CaWRKY70 effector construct and the reporter constructs were cultured (OD 600 > 0.6) in agro infiltration medium (10 mM MES buffer, pH 5.7, 10 mM MgCl 2 , 300 mM acetosyringone) and allowed to reach the OD 600 to 0.8. Both constructs were transiently co-transformed into 1-month-old tobacco leaves using agro-infiltration technique and kept for 48 h at growth chamber before further use. Reporter gene (gus) expression was evaluated both qualitatively and quantitatively. For estimation of relative GUS activity, data was normalized using same protein concentration in each sample (5 mg).
Electrophoretic mobility shift assay (EMSA)
The amplified full-length ORF of CaWRKY70 was cloned between EcoRI and XhoI sites of pET28a + vector. The plasmid was transformed into the Escherichia coli BL21 (DE3) cells for recombinant protein purification using Ni-NTA column. Affinity purified protein concentration was estimated using Bradford reagent (BioRad) and purity was evaluated by SDS-PAGE (Fig. S11) . EMSA was performed according to the protocol described in (Carey and Smale 2000) with minor modifications. The gels were scanned by phosphor-imaging (Typhoon trio+, GE Healthcare).
Chromatin Immunoprecipitation (ChIP) assay
ChIP was executed following the methods described by Shang et al. (2010) with some minor modifications. Briefly, stress-induced WT chickpea plants and tobacco plants co-expressing CaWRKY70-HA and pCaHDZ12-GUS constructs were air-dried for 4 h, and 1 g of plant sample was cross-linked in 1% formaldehyde solution by vacuum for 20 min. The chromatin complexes were extracted, sheared and immunoprecipitated using anti-HA, anti-H3K9Ac and anti-IgG antibodies. Enrichment of DNA samples was detected by RT-PCR and quantified using qRT-PCR.
Southern, northern and western blot analyses
Southern blot, northern blot and western blot analyses were performed according to (Dutta et al. 2005) . For Southern blot analysis, PCR positive transgenic tobacco plants were taken. For northern or western blot analysis, 21-daysold chickpea plants were subjected to salt and drought stress and used for RNA or protein extraction. Immunoblot analyses were conducted using antiH3K9Ac and anti-H3K27Ac antibody to detect histone modifications in chickpea at different time intervals.
Statistical analyses
Data analyses were performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) and SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). For all statistical analyses, a one-way analysis of variance (one-way ANOVAs) was conducted to compare the differences between the untransformed control (WT) and the transgenic/transformed plants (OE or silenced). For qRT-PCR analyses, one-way ANOVA and unpaired student's t test (2-tailed) were applied. Sample variability was given as the standard error of the mean (SEM) of a minimum of three biological replicates.
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